The male gonopores, internal male reproductive apparatus, and spermatophores of the Mediterranean hermit crab Clibanarius erythropus are described, using interference phase microscopy and scanning electron microscopy. A discussion on the relationship between the gonopore morphology and the different kinds of setae accompanying them, and the reproductive biology of these crabs is presented. Each testis merges into a tubular duct made up of four zones: 1) the collecting tubule with free sperm; 2) the proximal zone, where the ampulla of the spermatophore starts to be formed; 3) the medial zone, where the ampulla is completed, the stalk lengthens and the pedestal is formed; 4) the distal zone, where the mature spermatophores are stored. In the mature spermatophore the two halves of the ampulla meet at the distinct lateral ridge. Sizes of the different parts of the spermatophore are given and their morphology described. The importance of the morphology of the paguroid gonopore, male reproductive system, and spermatophore is confirmed for phylogenetic studies within the Paguroidea and Anomura.
INTRODUCTION
Clibanarius erythropus (Latreille, 1818) is a common Mediterranean hermit crab in the family Diogenidae. It lives on rocky substrates in the infralittoral zone. The larger specimens live dispersed on the rocky substrate while the smaller specimens assemble in clusters (Gherardi, 1991) . Its larval development (Thiriot, 1974) , population structure, shell use, growth (Gherardi, 1991; Benvenuto and Gherardi, 2001) , behavior (Gherardi, 1990; Tirelli et al., 1998; Pessani and Tirelli, 2002) , and epibiontic relationships (Basile et al., 2004; Tirelli et al., 2006a) are well known.
The reproductive apparatus of hermit crabs, composed of gonopores (sometimes sexual tubes), testes and vasa deferentia containing spermatophores and spermatozoa, show a species specific morphology that has been used in past phylogenetic studies (Tudge, 1997) . However, no complete description of the male reproductive apparatus is available for C. erythropus.
Therefore, the aim of this research is to expand knowledge of the reproductive morphology of C. erythropus by: 1) analyzing male gonopores under SEM and describing their distinctive structure; 2) describing the reproductive tract under interference phase-contrast microscopy (IPM); 3) analyzing mature spermatophore morphology under IPM and SEM; and 4) describing the stages of maturation of the spermatophores.
This paper is part of a series that aims to describe the male reproductive apparatus of four of the most common Mediterranean hermit crab species: Calcinus tubularis (see Tirelli et al., 2006b) , Clibanarius erythropus, Paguristes eremita, and Diogenes pugilator. In particular, for C. erythropus we present new research that, together with the data already published (Mouchet, 1931; Tudge and Justine, 1994; Tudge, 1999) , contributes to the knowledge of the reproductive apparatus of this species.
MATERIALS AND METHODS
Eight adult male specimens (. 4.5 mm carapace length and gonopores present) of C. erythropus were collected at 0.5 m depth from Balzi Rossi, Western Liguria, Mediterranean Sea (438479060N, 078329360E), on rocks mostly covered by algae. Upon collection the specimens were immediately preserved in 4% formalin in seawater.
The use of animals was approved by the animal care review committee at the Dipartimento di Biologia Animale e dell'Uomo dell'Università di Torino (Italy) where the experiments were carried out.
Scanning Electron Microscopy
In the laboratory, three specimens were dissected, and their fifth pereiopod coxae removed and viewed under SEM after fixation. The protocol followed Jennings et al. (2000) , but was preceded by a wash in distilled water for 24 hours, as suggested by Abele (1971) , to completely remove the fixative from the samples. Coxae were then dehydrated through an ascending ethanol series (70-100%) for 15 min each, dried under vacuum and mounted on SEM stubs using conductive, double-side adhesive tape. The mounted specimens were then sputtercoated with 60 nm gold and viewed and photographed on a Cambridge Instruments S 360 SEM at 20-40 kV. The spermatophores of five specimens were teased out from the distal portion of the vas deferens and placed on 50 lm plankton net mesh, which was rolled up to form a little cylinder closed at the two ends by staples. The bundles were rinsed three times (10 minutes each) in a saline solution, in order to remove the gelatinous seminal secretions present in the vas deferens. After rinsing, the spermatophores were dehydrated through ascending concentrations of ethanol (50-100%), mounted as above and then critical point dried using ethanol as the transitional fluid and carbon dioxide as the exchange fluid. Sputtercoating, viewing and photography were as above.
Interference Phase-contrast Microscopy
The male reproductive system (testes, vas deferens and spermatophores) of five specimens was dissected, placed onto microscope slides and then cleared by the addition of 2 drops of lactophenol. Spermatophores were further teased out of the distal part of the vas deferens onto microscope slides and temporary squashes made. In order to further clear the gelatinous seminal secretion embedding the spermatophores, 2 drops of lactophenol were added to the teased spermatophores.
The material was viewed and photographed with a Wild Leitz GMBH 020-437.035 interference phase-contrast microscope equipped with a Sony SSC-DC58AP videocamera and interfaced with a PC using the Matrox PC-VCR Remote Programme.
The abbreviations used to indicate the mean setal length and mean setal width at their base are ''stl'' and ''stw'', respectively. Variation shown is 6 one standard deviation. To measure setal length the setae were oriented the same way. Throughout the text the standard setal terminology suggested by Watling (1989) is used.
RESULTS Gonopores
The gonopores of Clibanarius erythropus are paired structures, on both the left and right coxa of P5, and are flush with each coxal surface. Each gonopore is a circular pore covered by a membranous operculum (possibly hinged mesially) and surrounded by two kinds of setae: annulate without setules and annulate with setules. A ventral view of a single coxa with gonopore is shown in figure 1A .
The two kinds of setae are: very short and short annulate setae without setules and medium and long annulate setae with setules. They are all located in rows along arcs surrounding the gonopore (Fig. 1A) . In particular, the short annulate setae without setules (stl ¼ 50.0 6 1.0 lm, stw ¼ 5.0 6 0.1 lm, n ¼ 5) (Fig. 1B) are located in a dense arc immediately lateral to the gonopore. The medium annulate setae with setules (stl ¼ 104.8 6 1.2 lm, stw ¼ 6.0 6 0.1 lm, n ¼ 5) (Fig. 1C, D) are just posterior to the short annulate setae without setules, while the longest setae (stl ¼ 138.4 6 2.2 lm, stw ¼ 6.2 6 0.6 lm, n ¼ 5) (Fig. 1E ) are placed exteriorly (in relation to the central gonopore) to the previous two. Medium setae are not easily seen, because they are partially covered by the long ones (Fig. 1A) , which converge on them. All three length setae in this dense arc are disposed around the operculum and partially cover each other making it difficult to count exact setal numbers, but there are approximately 40 of them (n ¼ 3). The external morphology of the short annulate setae without setules and of the medium and long annulate ones with setules shows basic common characteristics, but small differences occur between them. All three have a central axis, which is slightly curved and flattened (almost spatula shaped) in the distal portion, and a distinct annulus dividing it into a basal portion showing slight longitudinal grooves and a distal smooth portion ( Fig. 1B-E ). Only the medium and long setae have setules along the lateral margin of the apical edges ( Fig. 1D, E) . Each scale-like setule is approximately 3 lm long and 1 lm wide at the base.
On the part of the coxa closest to the mid-ventral axis of the crab, there are six very short annulate setae without setules placed along a sparse arc (Fig. 1A) . These setae are much shorter (stl ¼ 43.0 6 1.0 lm, stw ¼ 3.3 6 0.1 lm, n ¼ 5) than the others in the lateral dense arc, but they show the same morphology consisting of a central axis slightly curved and flattened in the distal portion, and a dividing annulus with longitudinal grooves in the basal portion. These very short setae could be the same type of short annulate setae without setules but at an earlier stage of development, and it is possible that all four setae represent a developmental series of increasing length.
Testes, Vasa Deferentia and Stages of Spermatophore Maturation
IPM observations show the male reproductive tract is composed of paired gonads, consisting of testes and vasa deferentia, located in the pleon. The testes lie dorsal to the gut, on the large hepatopancreas, while the vasa deferentia descend vertically into the hepatopancreas and open to the exterior via the paired gonopores. The paired, lobe-like testes, composed of cystic structures, each merge into a tubular duct made up of four zones: 1) highly coiled narrow collecting tubule, 2) proximal, 3) medial, and 4) distal zone ( Fig. 2A) . The proximal and the medial zones are highly coiled too.
The sperm mass looks amorphous and embedded in seminal fluid in the testes and collecting tubule (Fig. 2B) , but in the proximal zone, the sperm mass becomes subdivided by the dense primary spermatophore layer, which envelops it (Fig. 2C) . In between the proximal and the medial zones, the aggregated spermatozoa are separated and compartmentalized to form the ampullae (Fig. 2D) . Further along in the medial zone, the stalk and foot are formed and the stalk starts to progressively lengthen (Fig. 2E ). In the distal zone, mature spermatophores (Fig. 2F ) are stored.
Spermatophore
The spermatophore has a sperm-filled ampulla elevated on a long stalk, which is connected to a pedestal or foot (Figs.  2F, 3 ). The ampulla is cap shaped with the ventral side of the ampulla not flat but exhibiting an inverted ''V'' shape. The ampulla is 82.3 6 19.3 lm (mean 6 sd, n ¼ 100) in length and 80.5 6 22.2 lm (mean 6 sd, n ¼ 100) wide and is laterally wider than deep, making it slightly compressed. The distal end of the stalk penetrates into the ampulla as a ventral projection 14.2 6 5.7 lm (mean 6 sd, n ¼ 100) long. The sides of the ampulla end with two ventrally directed processes, which normally do not contain sperm. The stalk is 144.1 6 55.1 lm (mean 6 sd, n ¼ 100) long and 17.5 6 7.7 lm (mean 6 sd, n ¼ 100) wide and mostly constant along its length, except for where the stalk and ampulla meet. Also, at the pedestal, the spermatophore widens to form an oval structure (11.6 6 3.0 lm (mean 6 sd, n ¼ 100) long and 48.8 6 13.5 lm (mean 6 sd, n ¼ 100) wide) where the stalk is inserted into the pedestal.
DISCUSSION

Gonopores
In Clibanarius erythropus, the male gonopores are not raised on genital papillae, elongate sexual tubes, or any type of external prolongation of the coxae or ejaculatory ducts. Based on this morphology, it is assumed that during copulation the males of this species ejaculate spermatophores from the flush gonopores onto, or close to, the gonopores on the ventral face of the coxae of pereiopod 3 of the female, as reported by Hess and Bauer (2002) for Clibanarius vittatus. Therefore, as is generally accepted for all hermit crabs (see Tudge and Lemaitre, 2004) , fertilization is external.
An operculum is present as a thin, possibly non-or weakly calcified membrane closing each male gonopore. Although indistinct a hinge line is possibly visible on the mesial side of the membranous operculum. An operculum has been similarly observed in male hermit crabs Clibanarius vittatus (see Hess and Bauer, 2002) and Diogenes pugilator (see Manjón-Cabeza and Garcia Raso, 2000) and in some carideans of the genera Heptacarpus (see Bauer, 1976) , Procaris, Lysmata (see Felgenhauer et al., 1988) , and Chorismus (see Mascetti et al., 1997) . It can be assumed that the operculum in C. erythropus (a littoral species) acts as additional protection against dehydration during emersion periods. It can also be assumed that the internal pressure during spermatophore extrusion opens the operculum (perhaps with a door-like mechanism at the putative hinge), although, in the absence of direct observation, chemical dissolution, mechanical breakage, or muscular action can't be excluded.
Unlike in the Anomura, the opercula of female Brachyura had been more extensively studied. Gonopores of female brachyurans may take one of three forms (Hartnoll, 1968 (Hartnoll, , 2006 Thompson and McLay, 2005) : 1) simple closure by Fig. 1 . Clibanarius erythropus: SEM of male gonopore morphology. A, Setae distributed around the left gonopore to form two arcs: a lateral one made of many setae and a mesial one made of only 6 very short setae (arrowheads); B, short seta showing the basal longitudinal grooves, the annulus (arrow) and the curved and flattened distal portion; C, part of a medium seta showing the grooves, the annulus (arrow) and the flattened distal portion; D, part of a medium seta showing the distal portion with setules; E, part of two long setae showing the grooves, the annulus (arrow) and the distal portion with setules; F, very short seta showing the grooves and the flattened distal portion (note that the annulus is not clear in this image). muscle action; 2) closure by soft operculum; 3) closure by calcified operculum. Each of these three forms may be covered or not by the pleon. Among the brachyuran genera with simple gonopores are: Acanthocyclus, Jonas, Bellia, Erimacrus, and Telmessus (see Thompson and McLay, 2005) . Examples of brachyurans that have soft opercula are: Heterozius, Peltarion, Pteropeltarion, Trichopeltarion, Pseudocorystes (see Thompson and McLay, 2005) , Uca vocans (see Nakasone et al., 1983 and Salmon, 1984) and Uca lactea (see Murai et al., 1987 and Murai, 1988) . Crabs with calcified opercula are, for example: Corystoides and Corystes (see Thompson and McLay, 2005) . In particular, in the families Dorippidae and Grapsidae (see Brockerhoff and McLay, 2005a, b, c) , and in Uca pugnax (see Greenspan, 1982) , Ilyoplax pusilla (see Henmi and Murai, 1999) , and Macrophthalmus hirtipes (see by dashed lines) . B-F, interference phase-contrast microscopy; B, amorphous sperm (sp) mass in the collecting tubule; C, proximal zone with sperm (sp) mass subdivided by the primary spermatophore layer (psl); D, agglutinated spermatozoa (sp) shaped to form the ampulla (a); E, distal zone with spermatophores made up of ampulla (a) with spermatozoa (sp), stalk (s) and foot (f); F, two mature spermatophores showing the ampulla (a) with lateral ridge (lr), stalk (s), and foot (f). Jennings et al., 2000) the operculum locally decalcify at certain times permitting internal fertilization.
The numerous setae around the male gonopore are postulated to have two functions in that they may assist in conveying spermatophores to the female gonopores (perhaps forming a crude tube) and/or may work as active sensors of the female cephalothorax and genital openings. Both are essential roles during reproduction, but direct evidence for either is currently lacking. Similar roles have been previously inferred for the pleopodal (gonopodal) setae in some male brachyurans (Beninger et al., 1991; Beninger, 1992, 1995; Tsuchida and Fujikura, 2000) . In fact, Beninger et al. (1991) suggested that the setae located on the gonopod of the majid crab Chionoecetes opilio may help to maintain the position of the gonopod when inserted into the female gonopore. Tsuchida and Fujikura (2000) advanced the same functional hypothesis regarding the spine rows present on the gonopod of the hydrothermal vent-crab Austinograea williamsi. Even though there is no evidence for insertion of any appendage associated with the gonopores in hermit crabs, an important sensory role for the male coxal setae is expected during mating and external spermatophore placement. A sensorial function has been suggested by Manjón-Cabeza and Garcia Raso (2000) regarding the setae surrounding the gonopore of Diogenes pugilator, and by Tudge and Lemaitre (2004) for some of the setae found on the extensive sexual tube of Micropagurus acantholepis. Although their presence is undeniable, their sensorial function and subsequent critical role during reproduction may only be proven through careful ablation experiments.
The two kinds of setae observed, annulate without setules and annulate with setules (Watling, 1989) , on the coxae of C. erythropus show dimensional differences more evident than any distinct morphological ones. Setae display shallow longitudinal grooves that extend from their base to the conspicuous annulus. In crustaceans, setae form in invaginations of the epidermis, the innermost part of each invagination is delimited by a setal fold, which leaves a circular indentation in the shaft of the seta after eversion. This circular indentation is the annulus. Therefore, the annulus is simply a product of development, as suggested by Watling (1989) . The shallow setal grooves may correspond to insertions by muscle groups, as suggested by Felgenhauer (1992) , because setae probably need to rotate in all directions when maintaining position during mating. This muscle insertion hypothesis seems to be supported by the fact that grooves are present only on the basal portion of the setae, but histological and transmission electron microscopy investigations should be made to confirm that muscle insertion occurs at the setal grooves. Alternatively, the longitudinal grooves may be artifacts of the progressive extrusion (lengthening) of setae through the cuticle during growth.
Medium and long annulate setae show various setules in their terminal portion that may serve mechanical functions, such as helping to anchor the male to the female during spermatophore transfer or in connecting setae to each other much like the barbules in bird feathers do. This latter interlocking function may assist in forming a setal tube for more accurate spermatophore delivery.
The observation and description of the gonopores of C. erythropus improve the sparse knowledge on hermit crab reproductive morphology and raise questions about possible functional differences between the two types of setae (sensu Watling, 1989) . Some of these functional differences may only be confirmed with further investigation at the histological and TEM level, or behavioral and physiological observations. Testes, Vasa Deferentia, and Stages of Spermatophore Maturation Male reproductive organs of Clibanarius erythropus are not located in the cephalothorax, as occurs in other anomurans such as Galathea intermedia (see Kronenberger et al., 2004) , but are in the pleon, as found in other hermit crabs (Mouchet, 1931; Matthews, 1953 Matthews, , 1956 Greenwood, 1972; Manjón-Cabeza and García Raso, 2000; Tirelli et al., 2006b ). The internal reproductive apparatus is located dorsal to the hepatopancreas and midgut, and the vasa deferentia are coiled, in agreement with Mouchet (1931) , Matthews (1953 Matthews ( , 1956 , Greenwood (1972) , Manjón-Cabeza and García Raso (2000) and Tirelli et al. (2006b) . In the present study, a greater number of coils is observed compared to Mouchet (1931) . This is probably due to the different techniques used during dissections, as Mouchet subdivided the vasa deferentia in a series of successive sections, while in this research testes and vasa deferentia were dissected intact. The latter technique better preserves the spatial orientation of the entire reproductive tract. The two paired, lobe-like testes, composed of cystic structures, each merges into a tubular duct made up of four zones, in agreement with the observations on the shrimp Pleoticus muelleri (see Diaz et al., 2002) , the crayfish Cherax (see Talbot and Beach, 1989 ) and the diogenid hermit crabs Diogenes pugilator (see Manjón-Cabeza and García Raso, 2000) and Calcinus tubularis (see Tirelli et al., 2006b ). In the narrow collecting tubule, the secretion that envelops the sperm mass is produced and the sperm are carried towards the proximal zone, as seen in Calcinus tubularis (see Tirelli et al., 2006b) , Homarus americanus (see Kooda-Cisco and Talbot, 1986) and Penaeus setiferus (see Ro et al., 1990) . In the proximal zone, the sperm mass is subdivided, as already noted for Enoplometopus sp. (see Haley, 1984) , Homarus sp. (see Kooda-Cisco and Talbot, 1986) , Galathea intermedia (see Kronenberger et al., 2004) and Calcinus tubularis (see Tirelli et al., 2006b) , as the ampulla starts to be formed. In the medial zone, the ampulla is completed, the stalk lengthens and the foot is built, while the distal zone stores the mature spermatophores (Tirelli et al., 2006b ) ready for transfer.
Spermatophore
The spermatophores of Clibanarius erythropus have the classic tripartite structure typical of anomurans, and although diogenids show a great variety of spermatophore shapes, they generally show a characteristic familial morphology with a long thin stalk (Tudge, 1991) . Mouchet (1930 Mouchet ( , 1931 partially described the outer morphology of the spermatophore of C. erythropus, and Tudge (1999) later described the ultrastructure of the ampulla wall and the lateral ridge.
The general morphology described here is in agreement with the description of the spermatophores given by Mouchet (1931) , although two details not described by her are here reported. These are the two lateral processes along the inferior edge of the ampulla and a peduncle at the base of the stalk. The lack of observation and description of the pedestal by Mouchet (1931) may be due to the fact that she did not succeed in obtaining spermatophores completely clear from the mucilage that envelops them.
The spermatophore morphology (cap-like ampulla with lateral processes, long stalk and large foot) is similar to that reported by Tudge (1991 Tudge ( , 1995 for the congenerics Clibanarius corallinus, Clibanarius virescens and Clibanarius longitarsus. Apart from the similarity to the morphology of the Clibanarius species above, the spermatophores of Clibanarius erythropus are as slender as the ones described for Calcinus latens and Calcinus minutus (see Tudge, 1991) .
Moreover the total length of the spermatophores of Clibanarius erythropus (238 lm) is in between the length of the spermatophores of Clibanarius corallinus and of Clibanarius virescens (Tudge, 1991) (300 lm and 150 lm respectively). In particular, the general ampulla shape and its dimensions are similar in all three species, while mainly the stalk lengths differ. Clibanarius erythropus has a stalk length that is in between the other two species (Clibanarius corallinus-220 lm; Clibanarius erythropus-144.1 lm; Clibanarius virescens-70 lm). Therefore, it is possible to recognize spermatophores produced by C. erythropus on the basis of their morphometry, in agreement with Scelzo et al. (2004) .
The morphological and ultrastructural characteristics of the male reproductive apparatus are essential to understanding the reproductive processes of anomurans. This study on C. erythropus is part of a larger one involving the Mediterranean hermit crabs Calcinus tubularis (Tirelli et al., 2006b) , Diogenes pugilator and Paguristes eremita and underlines the use of morphological characteristics of paguroid gonopores, reproductive tracts, spermatophores and sperm in helping to determine phylogenetic relationships within the Anomura.
